Internal friction has been measured for an AgInYb Tsai-type icosahedral (i-) quasicrystal to investigate an energy-dissipation mechanism by phason relaxation, possibly operating in quasicrystals. A fairly large peak of the magnitude Q À1 % 0:022 was observed, which was shown to be of the thermally-activated relaxation type. The frequency factor and activation enthalpy were evaluated to be 10 20 s ¹1 and 2:6 Â 10 À19 J (1.6 eV), respectively. The observed peak was analyzed on the assumption that it is of phason-origin. The magnitude of the phonon-phason coupling constant was estimated to be 0:008® (®: shear modulus), based on the model of the phonon-phason elastodynamics previously proposed. This value is comparable to those previously reported for Mackay-type i-phases such as i-AlPdMn and i-AlCuFe.
Introduction
Quasicrystals have a peculiar type of ordered structure characterized by crystallographically disallowed point-group symmetry and by quasiperiodic translational order. 1) Originating in the quasiperiodic translational order, quasicrystals have a special type of elastic degrees of freedom called phason degrees of freedom. 1, 2) The generalized elasticity of quasicrystals is described in terms of the phason elastic field in addition to the phonon (conventional) elastic field.
35)
Within linear elasticity, the elastic energy of quasicrystals consists of the following three types of quadratic terms: phonon-phonon, phason-phason, and phonon-phason terms. Correspondingly, the elasticity of quasicrystals comprises the following three components: pure phonon elasticity, pure phason elasticity and phonon-phason coupling.
The hydrodynamic theory of quasicrystals predicts diffusive phason modes, 5, 6) where phason waves decay exponentially in time. In fact, phason waves or phason fluctuations in quasicrystals are accompanied by collective atomic jumps, and their relaxation should proceed with a slow diffusive process involving thermally activated atomic jumps. This fact indicates that quasicrystals should have a unique mechanism of internal friction, not seen in conventional crystals. Elastic (phonon) waves induced by applied oscillating stress can couple with damping phason waves through phonon-phason coupling, resulting in the generation of internal friction. Rochal and Lorman 7) discussed theoretically this type of internal friction.
Experimentally, the internal friction of icosahedral quasicrystals was first measured for icosahedral (i-) AlPdMn single-crystal samples by Feuerbacher et al. 8) They observed two major peaks, which were attributed to two different phason relaxation mechanisms, i.e., those involving the local individual phason jumps and collective correlated phason jumps, respectively. Later, So and his coworkers 9) performed a comparative study on the internal friction of an i-AlPd Mn and its 1/1 and 2/1 crystal approximant phases. The results showed that the behavior of the internal friction systematically changes in the order of 1/1-, 2/1-and i-phases. In particular, the internal friction peak observed for the i-phase at around 800 K was reasonably interpreted as originating in a phason relaxation process involving collective atomic motion, which was absent in the 1/1-phase and present at a much reduced intensity in the 2/1 phase. Recently, So et al. 10) investigated the internal friction related to the phason relaxation in the AlCuFe i-phase and its 1/1 approximant phase. Here, an internal friction peak attributable to correlated phason jumps was observed only for the i-phase, similar to the case of the AlPdMn system.
In general, the structures of i-phases consist of a quasiperiodic arrangement of atomic clusters with icosahedral symmetry, where the type of the cluster differs depending on the alloy system. There are three types of clusters known so far: 1114) Mackay-type, Bergman-type, and Tsaitype. The i-phases found so far can be classified into the three groups in terms of the cluster type. Both the AlPdMn and AlCuFe i-phases, for which internal friction measurements have so far been performed, belong to the Mackay-type. In this paper, we report the results of internal friction measurements for Tsai-type i-AgInYb. 15) From the peak height of the internal friction, we have estimated the phonon-phason coupling strength in this system.
Experimental Procedures
Mother alloy ingots with a nominal composition of Ag 42 In 42 Yb 16 were synthesized from pure elements by arcmelting under an argon atmosphere. They were crushed and powdered, and subjected to plasma activated sintering (PAS). Part of the sintered sample was powdered again, and X-ray diffraction measurement was done using a rotating anode X-ray generator (CuK¡, 40 kV, 200 mA) with a graphite monochromator. The sintered ingots were cut and shaped into rectangular parallelepipeds with dimensions of 35 Â 10 Â 0:8 mm 3 for the internal friction measurements.
Internal friction was measured in a forced flexuraloscillation mode in a three-point bending geometry using a dynamical mechanical analyzer (RSA-G2, TA-INSTRUMENTS). Here, the phase shift ¤ between the oscillating stress and displacement was measured, and the internal friction Q À1 ¼ tan ¤ was evaluated. The measurements were performed in air in the temperature range of 293673 K at intervals of 10 K. The frequency range was 0.110 Hz. The strain amplitude used in the measurements was 5 Â 10 À5 . Figure 1 shows the X-ray diffraction spectrum for the sintered sample, where the component of CuK¡ 2 was removed from the raw data by data treatment. The peaks are indexed as i-phase using the indexing scheme of Elser. 16) The full widths at half maximum of the peaks are typically 5 Â 10 7 m ¹1 , which is close to the resolution limit in the present measurement. These facts indicate that we have successfully obtained a high-quality single-phase sample of i-phase. Figure 2 shows the temperature dependence of the internal friction measured at a frequency of 1 Hz. Here, we can see a large peak (A) at around 400 K. In addition, we may have a tiny peak (B) at around 560 K. For some samples, we measured the internal friction up to 773 K but detected no other peaks in the high temperature region. We estimated the background and evaluated the peak heights after subtracting the background: Q À1 % 0:022 for A and % 0:002 for B. Figure 3 (a) shows peaks A measured at different frequencies, where a peak shift toward higher temperature with increasing frequency is clearly seen. This indicates that peak A originates in a thermally activated relaxation process. With regard to peak B, we could not determine the peak positions accurately enough to analyze the peak shift because the peaks were too small. In general, the relaxation rate¯of a thermally activated relaxation process can be given by:
Results and Discussion
where¯0 is the frequency factor, H is the activation enthalpy, and k B is the Boltzmann constant. The peak temperature T P is given by the condition 2³f¸¼ 1, leading to the relation: In Fig. 3(b) , logðfÞ values are plotted against T À1 P for peak A. A linear relation is clearly seen, indicating that peak A indeed originates in a thermally activated relaxation process. The evaluated H and¯0 values are presented in Table 1 , together with those previously evaluated from the internal friction measurements for i-AlPdMn and i-AlCu Fe. Here, the peaks for i-AlPdMn and i-AlCuFe were interpreted as originating in collective phason motions in view of a considerably large frequency factor and activation enthalpy, and also from the fact that the peaks were absent or very weak for the crystal approximants. De Boissieu et al. 17) conducted X-ray diffuse scattering measurements for the Zn MgSc i-phase and its 1/1 approximant phase, and showed that the diffuse scattering due to correlated phason fluctuations is observed only for the i-phase; it is absent for the 1/1 phase. The¯0 value for i-AgInYb is much larger than the Debye frequency (% 10 13 s ¹1 ), implying that the peak A for i-AgInYb originates in a relaxation process with a collective atomic motion involving many atoms. This¯0 value is comparable to those for i-AlPdMn and i-AlCu Fe, as shown in Table 1 . However, the H value for i-AgIn Yb is considerably smaller than those for i-AlPdMn and i-AlCuFe. At present, we have no internal friction data for crystal approximants to i-AgInYb, and therefore, it is not clear whether peak A is attributable to phason motions. Nevertheless, it may still be worth estimating the phononphason coupling strength in i-AgInYb by assuming that peak A is of phason-origin; the phonon-phason coupling strength has never been estimated for any systems of Tsaitype i-phase.
The elastic energy f of quasicrystals is given as a function of the phonon (conventional) strain u ij , where u ¼ t ½u 1 ; u 2 ; u 3 and w ¼ t ½w 1 ; w 2 ; w 3 are the phonon and phason displacement vectors, respectively. Within linear elasticity, f comprises the three types of quadratic terms:
where f uÀu , f wÀw and f uÀw are a pure phonon, pure phason and phonon-phason coupling terms, respectively, and C The internal friction is defined as the dissipation rate of the elastic oscillation energy given to the system. Here, the elastic oscillation given to the system is in the pure phonon mode. Therefore, in order for the damping phason waves to be the cause of the internal friction, the phonon oscillation must couple with the phason waves, i.e., the phonon-phason coupling must be nonzero. The internal friction due to the damping phason waves induced by phonon-phason coupling was discussed theoretically by Rochal and Lorman. 7) They investigated a model of phonon-phason elastodynamics in icosahedral quasicrystals that obeys the following equations:
where · u ij and · w ij are the phonon and phason stress tensors, respectively, μ is the density and D is the phason friction coefficient. The peak height of internal friction is given as
, where I denotes the effective phonon-phason coupling constant, and c and K denote the effective phonon and phason elastic constants, respectively. The peak heights of Q ¹1 experimentally obtained for AgInYb, AlPdMn 9) and AlCuFe 10) i-phases are summarized in Table 1 . The effective elastic constants I, c and K change with changing the directions of the wavevector q and the wave polarization p of the elastic phonon wave given to the system. In the flexural oscillation mode in our experiments, an oscillating tension-compression stress is applied along the longitudinal direction of the sample. As a result, oscillating tensioncompression stains along the same direction are mainly induced. Then, the induced elastic wave is a longitudinal wave with p parallel to q. For longitudinal waves, ¼ þ 2®, I and K depend on the direction of pðqÞ. Rochal and Lorman 7) 
for the 2-fold direction, I ¼ À2K 3 and K ¼ K 1 À 4K 2 =3 for the 5-fold direction, and I ¼ 2K 3 =3 and K ¼ K 1 þ 4K 2 =3 for the 3-fold direction. Our i-AgInYb sample is poly-grained. For a rough estimation, we assume that the measured Q ¹1 for the poly-grained sample is the average of the Q ¹1 values for the three directions. Then, we evaluated jK 3 j=®, as follows.
For the AgInYb i-phase, and ® have never been measured. The AgInYb i-phase is isostructural with the CdYb i-phase and their melting points are approximately equal. Therefore, and ® of i-AgInYb can be assumed to be approximately equal to those of i-CdYb, which have been reported to be 35 and 25 GPa, respectively. 19 ) K 1 =k B T and K 2 =k B T for i-AgInYb have been measured to be 0.126 and 0.0296 per atom, respectively, 20) leading to K 1 ¼ 24 MPa and K 2 ¼ 5:7 MPa for T = 300 K and an atomic density of 46:3 Â 10 27 atoms/m 3 . Here, we assume that the atomic density of i-AgInYb is equal to that of the 1/1 approximant phase to i-CdYb. Then, we obtain jK 3 j=® % 0:008.
So far, K 3 values have been evaluated by two groups for the i-phases of Bergman-type and Mackay-type. Zhu and Henley 21) calculated K 3 (À jj;? in their paper) for model icosahedral quasicrystals of Bergman-type (Al,Cu)Li and Mackay-type AlMn. Here, they first constructed a series of crystal approximant structures in computer, which correspond to phason-strained quasicrystalline structures. Then, the structures were relaxed to obtain phonon strain spontaneously introduced. From the relations between the magnitude of given phason strain and induced phonon strain, they 21) The value of jK 3 j=® % 0:008 obtained for a Tsai-type i-Ag InYb in the present work is close to those previously determined for Mackay-type i-phases.
Conclusions
Internal friction was measured for an AgInYb Tsai-type i-phase in a forced flexural-oscillation mode in the temperature range from 293 to 673 K and in the frequency range from 0.1 to 10 Hz. A peak with a magnitude Q À1 % 0:022 was observed, which was shown to be of the thermallyactivated relaxation type. The frequency factor and activation enthalpy were evaluated to be 10 20 s ¹1 and 2:6 Â 10 À19 J (1.6 eV), respectively. The frequency factor is much larger than the Debye frequency (% 10 13 s
¹1
), implying that the peak originates in a relaxation process with a collective atomic motion involving many atoms. Collective phason motions have been discussed as the possible mechanism for this. The observed peak was analyzed on the assumption that it is of phason-origin. The magnitude of the phonon-phason coupling constant was estimated to be 0:008® (®: shear modulus), based on the previously proposed model of the phonon-phason elastodynamics. This value is comparable to those previously reported for Mackay-type i-phases such as i-AlPdMn and i-AlCuFe.
